The optical telemeter system has been developed, which converts the temperature of rotating spindle to the digital data and carries the digital data from LED on the rotating side toward PD on the stationary side by the optical data transmission. Based upon the temperature distribution of hollow ball-screw obtained by the telemeter system, the thermal elongation of the ball-screw is estimated as the one-dimensional thermal elongation. Estimation accuracy, which is the difference between the estimated thermal elongation and the measured thermal elongation, is −3.1∼+3.2 µm for the thermal elongation of 50-60 µm over the length of 935.5 mm of the ball-screw.
Real-Time Estimation of Ball-Screw Thermal Elongation
Based upon Temperature Distribution of Ball-Screw
Introduction
In many cases, NC machine tool is driven by the ball-screw. Recently the maximum feed speed of 90-100 m/min is realized in NC machine tool. High feed speed by the ball-screw system makes increase the heat generation on the ball-screw, and it results in the temperature increase and the thermal elongation of the ball-screw, and hence the decrease in the positioning accuracy of machine element. And it has been reported the research (1) in which the thermal elongation of the ball-screw was estimated based upon the calculated mean temperature of the ball-screw in steady state.
The full closed NC system with the linear scale or the laser system for distance measurement has the problem of the high initial cost. And the cooling method of hollow ball-screw with temperature controlled oil is considerably effective to restrain the thermal elongation (2) , but only by the adoption of the cooling method the positioning accuracy is not improved sufficiently, moreover this method has the problem of the extra initial cost and the running cost for the temperature cooling unit. It has been reported the research (3) in which the temperature distribution and the thermal elongation of the ball-screw are calculated based upon the measured armature current of the servo-motor, aiming for the positioning accuracy improvement by adoption of the pitch error compensation of NC controller. In-process compensation (4) of the Point-toPoint type positioning error is carried out in the research, which the thermal elongation of the ball-screw over the whole length is measured by an additional zero-point detector and the thermal elongation along the ball-screw is approximated by a linear function and the positioning error is compensated by adopting the user-macro function of NC controller. Furthermore, it is reported (5) that the thermal effect should be compensated in the evaluation method of the positioning accuracy for machine tool.
In the present investigation, it is adopted the optical telemeter system (6) for the temperature measurement of the ball-screw, and the thermal elongation of the ballscrew is estimated based upon the temperature increase, and the estimated thermal elongation is compared with the measured thermal elongation. Final goal of the present investigation is to improve the positioning accuracy and the contouring controll accuracy by the real time compensation due to the estimated thermal elongation under the adoption of NC controller function of the origin-shift for machine coordinate.
Experiment
The experimental set-up of ball-screw and the measuring method for the thermal elongation are shown in Fig. 1 . The ball-screw is supported with the rolling bearings and connected to AC servo-motor with a flexible coupling. The hollow type ball-screw is used and it is fixed axially with the method of the single anchoring. Table 1 shows the specification of the ball-screw used.
As shown in Fig. 1 , four probes of MicroSense made by Japan ADE Ltd. are used to measure the change of 935.5 mm distance between two disks fixed on the ballscrew. As two probes are set for each disk at the symmetrical position with respect to the ball-screw axis respectively, the average of the outputs of the two probes is equal to the displacement at the ball-screw axis. And the measured thermal elongation is obtained by the summation of displacements of left-side disk and right-side disk. The outputs of MicroSense are sampled with the same instant sampling A/D converter to obtain the accurate measured To estimate the thermal elongation, the temperature distribution of the ball-screw is measured by the optical telemeter system (6) . For the hollow ball-screw in Table 1, the surface temperature of φ17 mm inner diameter is measured with iron-constantan thermo-couples at 7 points shown as ch1-ch7 in Fig. 2 . These thermo-couples are connected to the electric circuit of the optical telemeter system (6) through the hole of the hollow ball-screw. The rotating head including the electric circuit is installed on the opposite end of the ball-screw to the servo-motor. The temperature data at the measurement points are transmitted from LED at the center of the rotating head toward PD on the stationary head and inputted to the personal computer. Table 2 shows the specification of the optical telemeter system. Table 3 shows the experimental conditions. Warm-up of 1 hr is done to stabilize the characteristic of the optical telemeter system and to obtain the accurate temperature data. Different 4 table speeds and 3 pattern table strokes are used. The stroke of [z0∼z-400] mm corresponds to nearly the full-stroke in this set-up of the ball-screw.
Measured Thermal Elongation of the Ball-Screw

1 Error factors and countermeasures
The measured thermal elongation is obtained based upon the measurement of change in the 935.5 mm distance between two disks. As shown in Fig. 1 , the MicroSense Table 1 Specification of ball-screw probes are fixed on the probe support jig and two support jigs are connected on Super-Invar bar with small coefficient of thermal expansion. In the experiment over several hours, the temperature changes of the circumference and the experimental set-up have influence upon the thermal elongations of the probe and the Super-Invar bar, and it results in the error on the measured thermal elongation. The measured thermal elongation is increased by the thermal elongation of the probe over the length between the probe end surface and the fixed point on the probe support jig. As shown in Fig. 3 , a pair of probes, which is fixed in the Super-Invar frame and covered with insulation material, are set in a incubator and the probe temperature increase and the output change of MicroSense are measured under the nearly iso-thermal heating in the incubator. The relation between the both is approximated by Eq. (1) and the obtained equations are shown in Fig. 3 .
where ∆Y: output change of MicroSense ∆T : probe temperature increase C 1 : coefficient, C 2 : const. Based upon these relations shown by Eqs. (1) A1 , (1) B1 , (1) A2 and (1) B2 , the influence is compensated due to the probe temperature increase during experiment.
As shown in Fig. 1 , the Super-Invar bars connect two probe support jigs at both ends of Super-Invar bar. Though the coefficient of thermal expansion of Super-Invar bar is small, the measured thermal elongation is decreased by the thermal elongation of the Super-Invar bar between two probe support jigs. Thus the temperatures of Super-Invar bar are measured as shown in Fig. 1 with the conventional data logger, and the bar's elongation is compensated as one-dimensional thermal elongation.
Considered the probe's arrangement in Fig. 1 , the measured thermal elongation of the ball-screw is obtained as (A2 + B2)/2 + (A1 + B1)/2. Figure 4 shows the data of (A2 + B2)/2 sampled at 75 Hz (5.4 samples/rev) during several table strokes. It is found that the data (A2+B2)/2, which are obtained by an averaging calculation of the data A2 and the data B2, are cyclically changed with several micro-meters. The cyclic change of (A2 + B2)/2 depends upon the change of A2 and B2 respectively, and it is based upon the fact that the disk is not perpendicular to the ballscrew axis or the disk surface is not perfectly flat or the both are arisen. In the present investigation, the measured thermal elongation during the ball-screw rotating duration is obtained from the output of Peak-hold (A2+B2), which is obtained by electric analog operation in MicroSense displacement measurement system.
As shown in Fig. 4 (a) , the output of Peak-hold (A2 + B2)/2 increases at the stroke end [Z-400]. It depends upon the fact that the tensile force acts on the ball-screw due to the table inertia during the deceleration and the acceleration duration at the stroke end far from the anchored position, and the ball-screw is extended. The difference between (A2+B2)/2 and the output of Peak-hold (A2+B2)/2 in Fig. 4 (a) is considerably larger than that in Fig. 4 (b) . The smaller of the difference above is achieved, the more accurate measurement of the ball-screw elongation will be expected. Thus the larger time constant for acceleration and deceleration of machine table in Table 3 are adopted in the present experiment.
2 Measured thermal elongation of the ball-screw
After the 1 hr warm-up of the optical telemeter system, the measurement of the ball-screw temperature of (ch1∼ch7) by the optical telemeter system is started and the measured temperatures are inputted to the computer PC2. The computer PC2 is also used to measure the outputs (A1, B1, Peak-hold (A1+B1), A2, B2, and Peak-hold (A2+B2)) through a same instant type A/D converter. And another computer PC1 is used to measure the MicroSense probe temperature and the Super-Invar bar temperature through a data logger.
At the same time a starting operation is carried out, which the ball-screw and two disks are driven under the 10% table speed in Table 3 during one rotation of the ballscrew and then they stop during five seconds. By this operation the Peak-hold output of MicroSense truly reaches the peak value during one rotation of two disks at start, and the initial Peak-hold output is recognized as the unchanged data of continuous four or five times, because the data-sampling of MicoSense outputs is done at 1 Hz sampling rate. After the operation above, the again near to the upper limit of the measurement range, then the table is stopped for natural cooling. The measured thermal elongation of 935.5 mm distance is obtained as the change of Peak-hold output from the initial Peakhold output during one rotation of two disks under 10% stroke speed mentioned above. During the cooling duration, the outputs of MicroSense are decreased, and the measured thermal elongation is calculated as the sum of (A1+B1)/2 and (A2+B2)/2 from the measured data (A1, B1, A2, B2). Since the first datum during the following rest duration should coincide with the last datum during the table moving duration, all data during the following rest duration are shifted so that the coincidence is realized. In the same way, the first datum of the following duration is coincided with the last datum during the preceding duration.
The examples of the measured thermal elongation of the ball-screw are shown in Fig. 5 . The displacement (A1 + B1)/2 of the disk near the anchoring position of the ball-screw is small and another displacement (A2 + B2)/2 is large. These results depend upon the construction that the ball-screw is axially fixed at the bearing position near the servo-motor. Summation of both displacements makes the measured thermal elongation for the 935.5 mm distance of the ball-screw. From Fig. 5 it is found that the thermal elongation increases fast during the table moving duration and decreases slowly during the rest duration. And the greater the table feed speed is adopted, the faster the thermal elongation increases.
Estimated Thermal Elongation of the Ball-Screw
1 Temperature measurement of the ball-screw
The temperatures at ch1∼ch7 in Fig. 2 are measured by the optical telemeter system of the same specification (6) . The measurement accuracy of the telemeter system is shown in Fig. 6 . One of the measurement accuracy is defined by the maximum difference of temperature among 7 channels. And another measurement accuracy is defined by the maximum difference of temperature change among 7 channels, which has an importance because of the thermal deformation depending upon the temperature change. As the maximum difference of temperature change among 7 channels is less than 0.05
• C after 15 min. warm-up duration, the uncertainty in the calculation of the thermal elongation is guessed to be less than 0.56 µm (= 12 × 10
The measuring points for ch1∼ch7 are located right under the ball-screw groove on the inner surface of the φ17 mm inner diameter hole. Corresponding with the experiments in Fig. 5 , the temperature changes of the ball-screw from the initial temperature distribution are shown in Fig. 7 (a) and (b). As found in Fig. 7 (b) under the faster table speed, the temperature increases very fast during table driving duration. And the ball-screw temperature at ch1, which is the position of the anchoring support bearing, increases especially fast and decreases very fast during the rest duration. These appearances depend upon the fact that at this bearing position the axial displacement of the ball-screw is fixed and hence the heat generation is great, and the heat dissipation occurs with the heat conduction through the bearing support to the base of the experimental set-up.
2 Estimated thermal elongation of the ball-screw
The estimated themal elongation for the 935.5 mm length is calculated as follows; in Fig. 2 the onedimensional thermal elongation is assumed, the temperature distribution between the disk near the servo-motor and the position of ch1 is uniform, the distribution in each division from ch1 to ch7 positions is changed linearly, and the distribution between ch7 position and another disk is uniform. Then the estimated thermal elongation is calculated by Eq. (2).
where X: the estimated thermal elongation of the ballscrew Fig. 8 (a) and (b) . In the same figure, it is shown the total elongation in Fig. 5 and the difference between the estimated elongation and the measured elongation. Figure 9 shows the relation between the estimated thermal elongation X of the ball-screw and the measured thermal elongation Y at each instant. Table 3 are plotted in the Fig. 10 , and are approximated by Eq. (3).
Estimation Accuracy of the Thermal Elongation
where Y: measured thermal elongation of the ball-screw X: estimated thermal elongation of the ball-screw
const. Each of other two lines passes the farthest datum from Eq. (3) in Fig. 10. Figure 10 shows that the estimation accuracy by Eqs. (2) and (3) is within −3.1∼+3.2 µm for the 50∼60 µm thermal elongation of the ball-screw over 935.5 mm length.
The estimation accuracy of −3.1∼+3.2 µm may not be enough for the practical use, because the positioning accuracy is worse than the estimation accuracy above. Considering the thermal expansion mechanism of ball-screw, however it is better to add the temperature measurement position and measure the detailed temperature distribution of ball-screw for the improvement of the estimation accuracy, the addition has a problem to be a larger-size rotating head fixed on the ball-screw and an additional cost. In the present investigation the A/D converter for 8-channels is adopted, and 7-channels are used to measure the temperature distribution of ball-screw, except 1-channel for the temperature of the electric circuit board in the rotating Table 3 head to keep the temperature measurement accuracy best. The estimated thermal elongation is calculated by Eqs. (2) and (3) from the 7-channel's temperature data of the ballscrew. To improve the estimation accuracy, the positioning of temperature measurement, the addition of the measurement position and the accuracy of the measured thermal elongation should be examined moreover. However it is expected for the full-closed NC system with the linear scale or the laser system to be highly accurate, the system is inevitably expensive. And the cooling method of hollow ball-screw with temperature controlled oil has the problem of the initial cost increase and the running cost increase for the oil temperature control. The final goal of the present investigation is to realize the sufficient positioning accuracy and contouring accuracy in the practical use, and it needs a reasonable extra cost and a free running cost for the optical telemeter system of temperature measurement.
Conclusions
Real-time estimation of the ball-screw thermal elongation is studied and the following results are obtained.
( 1 ) The optical telemeter system is constructed and the temperature distribution of the ball-screw is measured.
( 2 ) The thermal elongation is estimated as the onedimensional thermal elongation based upon the temperature distribution of the ball-screw.
( 3 ) The estimation accuracy within −3.1∼+3.2 µm is obtained for the thermal elongation of 50∼60 µm over the 935.5 mm length.
